Introduction
The squeeze film lubrication phenomenon is observed in several applications such as automotive engines, machine tools and rolling elements. The squeeze film phenomenon arises when the two lubricating surfaces move toward each other in the normal direction and generates a positive pressure and hence supports a load. This is due to the fact that a viscous lubricant present between the two surfaces cannot be instantaneously squeezed out when the two surfaces move toward each other and this action provides a cushioning effect in bearings. Self-lubricating porous bearings are widely used in industry due to their self-contained oil reservoir in addition to their low cost and other aspects concerned with lubrication mechanism. Porous bearings are extensively used in brakes, clutches, etc. due to their self-contained oil reservoir and favorable low friction characteristics. An analysis of the squeeze film between porous rectangular plates is studied by Wu (1961) and gives very useful predictions in respect of porous bearings. The squeeze film lubrication between two infinitely long parallel plates is studied by Cameron (1981) .
It is well known in the tribology literature that the bearing surfaces develop roughness after having some run-in and wear. The chemical degradation of lubricants leading to the contamination of lubricants is also one of the plausible reasons for developing the roughness on bearing surfaces in some cases. Since the surface roughness distribution is random in nature, a stochastic approach to model the surface roughness mathematically has to be adopted. Many researchers modeled the roughness by a Fourier series type approximation and employed a saw-tooth curve to mathematically model the surface roughness. Mitchell (1950) described surface roughness by a high-frequency sine curve. Christensen (1969) developed a stochastic model for the study of rough surfaces in hydrodynamic lubrication of solid bearings. Prakash and Tiwari (1982) used the Christensen Stochastic theory to study the effect of surface roughness on the characteristics of porous bearings.
All the investigations mentioned above are confined to the study of surface roughness on porous bearings with Newtonian fluid as lubricant. The use of different liquids as lubricant under different circumstances has gained importance with the development of modern technology machines. It is observed fact that the fluids containing additives or contaminants enhance the lubrication process. These additives have a desirable effect of enhancement of viscosity and a consequent rise in load capacity. Usually, these additives are in the form of long chain organic compounds. In most of these lubricating oils the additives of high molecular weight polymers are present as a kind of viscosity index improvers. The base oils with high viscosity index exhibit improved response to additives of various chemical composition which upgrade their quality and results in reduced additives consumption in the production of additive blended oils. Hence nowadays, the trend has been toward increasing of the viscosity index to manifolds.
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Squeeze film behavior Kragelsky and Alisin (1981) have given important advantages of the base oils of high viscosity index are highly reliable components of machine parts within a wide range of working temperature, a longer life and a good response to additives, etc. Hence, with the development of modern industry, the importance of non-Newtonian fluids as lubricant has been emphasized as Newtonian constitutive approximation is not a satisfactory engineering approach for most of the lubrication problems. Therefore, the effect of non-Newtonian property of lubricant must be taken into account in the realistic study of these bearings. The common lubricants exhibiting non-Newtonian behavior are polymerthickened oils, greases and natural lubricating fluids, which appear in animal joints. Stokes (1966) theory of couple stress fluids is the simplest generalization of classical theory of fluids which account for polar effects such as the presence of anti-symmetrical stresses, couple stresses and body couples. Many investigators have used this theory to analyze the lubrication characteristics of various bearing systems. An investigation on squeeze films between rough anisotropic porous rectangular plates is done by Bujurke and Naduvinamani (1998) . Ramanaiah (1979) investigated squeeze films between finite plates lubricated by fluids with couple stresses. Naduvinamani and Siddangouda (2009) have investigated squeeze film lubrication between circular stepped plates of couple stress fluids. Bujurke et al. (2008) have investigated surface roughness effects on squeeze film behavior in porous circular disks with couple stress fluids. Squeeze films and thrust bearing lubricated by fluids with couple stress is investigated by Ramanaiah and Sarkar (1978) . Sundarammal et al. (2014) have investigated magnetohydrodynamic squeeze film characteristics between finite porous parallel rectangular plates with surface roughness effect. Effect of bearing deformation on the characteristics of a slider bearing, (Ramanaiah and Sundarammal, 1982a ) circular and rectangular plates is studied by Ramanaiah and Sundarammal (1982b) . The purpose of this study is to investigate the performance of squeeze film behavior in porous circular stepped disks using couple stress fluid and surfaces with roughness.
Mathematical formulation of the problem
The schematic diagram of squeeze film geometry of the problem considered is shown in Figure 1 . The squeeze film characteristics between the circular stepped plates are analyzed when one circular stepped plate has a porous facing which approaches the other rough plate with uniform velocity. The lubrication in the film region is assumed to be a Stokes couple stress fluid. It is also assumed that, the body forces and body couples are absent. The bearing surfaces are assumed to be transversely rough. Under the usual assumption of hydrodynamic lubrication, applicable to thin films, the equations of motion for couple stress fluid takes the forms:
where u and w are the velocity components in r and z directions, respectively, p is the pressure, µ is the Newtonian viscosity, η is the new material constant characterizing the couple stress and is of dimension of momentum. The ratio Z=m has the dimension of length squared and hence characterizes the material length of the fluid. The film thickness of the lubricant film geometry is:
where h denotes the nominal smooth part of the film geometry, while h s is the part due to the surface asperities measured from the nominal level and is regarded as a randomly varying quantity of zero mean, r and θ are the radial and angular coordinates and ξ is the index parameter determining a definite roughness arrangement.
The relevant boundary conditions for the velocity components are:
Here dH=dt is the constant velocity of the upper porous circular stepped plate approaching the lower impermeable circular stepped plate. Last conditions in Equations (5) and (6) are due to the vanishing of the couple stresses at z ¼ 0 and H, respectively. Since, p is independent of z, the solution of Equation (1), subject to the boundary conditions (5) and (6) is:
where l ¼ 1= m=Z Â Ã 1=2 is the couple stress parameter.
The volume flux of the lubricant is given by:
where 2πr is the circumference of the circle. On using Equations (7) and (8), we have:
Squeeze film behavior where:
Integration of the continuity Equation (3) over the film thickness and the use of boundary conditions w ¼ w n þ dH=dt, and w ¼ 0 gives:
Integration of the continuity Equation (10) with respect to r and using the condition Q ¼ 0 at r ¼ 0 gives:
The modified Reynolds type equation for determining the pressure is obtained from Equations (9) and (11) in the form:
where
p 1 and p 2 being the pressure in the region-I (0 ⩽ r ⩽ KR) and in the region-II (KR ⩽ r ⩽ R), respectively. The relevant boundary condition for the pressure are:
The flow of couple stress fluid in a porous medium is governed by the modified form of the Darcy's law, which accounts for the (Naduvinamani et al., 2002 ) polar effects:
w Ã are the Darcy's velocity components along r and z directions, respectively, p* is the pressure in the porous region, b ¼ Z=m∅ and ∅ is the permeability of the porous medium. The parameter β represents the ratio of microstructure size of polar additives to the pore size of the porous medium. If ffiffiffiffiffiffiffiffiffiffiffiffiffiffi 1=ðm=Z p Þ % ffiffiffiffi ∅ p ; i:e:; b % 1 then the microstructure additives present in the Newtonian fluid block the pores of the porous region and this reduces the Darcy flow through the porous matrix. When microstructure is very small compared to the porous size, i.e., β o o 1, the polar additives percolate in to the porous matrix.
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The pressure p* in the porous region satisfies the Laplace equation
Since p* is independent of θ in cylindrical coordinates r, θ and z, it reduces to:
Using Equation (15) in (12), we get:
Taking the expected values of both sides of Equation (17), we get:
where expectancy operator E(·) is defined by:
and f is the probability density function of the stochastic film thickness h s . In many real engineering problems, sliding surfaces show a roughness in height distribution which is Gaussian in nature. Therefore, a polynomial form which approximates the Gaussian is chosen in the analysis. Such a probability density function is given by
where "c" is the half total range of random film thickness variable and function terminates at c ¼ ±3σ with σ being the standard deviation.
The relevant boundary conditions for pressure in the film region are:
and the interface condition is:
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Squeeze film behavior where "a" is the outer radius of the disk and H* is the thickness of the porous layer.
Conditions (22) and (23) show that both the film region and the porous facing are open to the ambient pressure. There is no flow through the impervious boundary at the top of the porous medium in condition (24). Pressure continuity at the film plate interface requires condition (25). Using Equation (19) for the distribution function, we have:
The solution of the Equation (16) by the method of separation of variables of the form p* ¼ RZ, where R is a function of r only and Z is a function of z only is:
Putting each side equal to −α 2 , we have:
(or) the equivalent form:
are Bessel functions of first kind and zeroth order and α n is the nth eigen value which satisfies:
Applying boundary condition (23) at r ¼ a, the most general solution is:
Also:
A a n a J 0 a n r a cos h a n z a
Applying condition (24) and (25):
Substituting A in Equation (31),
Substituting Equations (27) and (31) in (18), results in:
0 n a n a J 0 a n r a cos h a n z a ( ) !
where A 0 n ¼ E Ae a n H À Á are Fourier coefficients to be determined. Integrating Equation (33) with respect to r and making use of the boundary conditions (21):
0 n a n a J 0 a n r a cos h a n z a ( )
Substituting Equations (32) and (34) in the interface condition (26) and using orthogonality of the eigen function J 0 (α n r), we get:
Solution of the problem
The non-dimensional load carrying capacity is obtained by integrating pressure over the bearing surfaces and it is given by:
which in non-dimensional form is:
The squeezing time for reducing the film thickness from an initial value h 0 to h 2 to a final value h f is given by:
Squeeze film behavior which in non-dimensional form is:
where:
Results and discussions
The combined effects of surface roughness and couple stresses on the performance of porous squeeze film circular stepped plates are investigated. The squeeze film characteristics are analyzed with respect to various non-dimensional parameters, namely:
The ratio Z=m À Á is of dimension length squared and this length may be regarded as the chain length of polar additives in the lubricant. This can also be characterized as rational length of the fluid.
Hence, the couple stress parameter l* provides the mechanism of interaction of the lubricant with the bearing geometry. The numerical results computed are presented in graphical and tabular forms. This paper predicts the influence of couple stresses on the squeeze film characteristics of circular step bearings on the basis of Stokes couple stress fluid theory. The effect of couple stresses can be observed with the aid of nondimensional couple stress parameter l n ¼ 2l=h 2 where l ¼ Z=m À Á 1=2 . Hence the parameter l* provides the mechanism of the interaction of the lubricant with the circular step bearing geometry. Figure 2 shows the variation of non-dimensional squeeze film pressure p*(r, z) as a function of dimensionless coordinates r and z for other fixed parameters. It is observed from this figure that, as coordinates of r and z increases, the pressure built-up in fluid film region also increases.
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Load carrying capacity The variation of non-dimensional load carrying capacity W* as a function of H* for different values of couple stress parameters l* ¼ 0.0, 0.2. 0.3, 0.4 corresponds each with K ¼ 0.6, 0.7, 0.8, 0.9, 1.0 for circular stepped plates as shown in Figure 3 . In the limiting case, C → 0 and l* ¼ 0.0, the present analysis reduce to classical case (i.e. Newtonian) studied by Murti (1974) as shown in Figure 3 .
The variation of non-dimensional load carrying capacity W* as a function of H* for different values of couple stress parameters l* ¼ 0.0 (studied by Murti, 1974) , 0.5. 0.8, 1.0 corresponds each with K ¼ 0.6, 0.7, 0.8, 0.9, 1.0 for circular stepped plates as shown in Figure 4 .
The variation of non-dimensional load carrying capacity W* as a function of H* for different values of couple stress parameters l* ¼ 0.0 (studied by Murti, 1974) , 0.6. 0.7, 0.9 corresponds each with K ¼ 0.6, 0.7, 0.8, 0.9, 1.0 for circular stepped plates as shown in Figure 5 .
The couple stress parameter l* ¼ 0.0 (studied by Murti, 1974) in the graph corresponds to the Newtonian case. Compared with the Newtonian lubricant case, the effect of couple stress in the present study increase the load carrying capacity and this increase in W* is more accentuated for longer values of l*. 
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Squeeze film behavior
Figures 6-9 depicts the variation of non-dimensional load carrying capacity W* as a function of H* for both Newtonian lubricants (l* ¼ 0.0) studied by Murti (1974) along with present study of different couple stress lubricants (l* ¼ 0.3, 0.5, 0.7 and 0.9) with K ¼ 0.6, 0.7, 0.8 and 1.0, respectively. It is observed that W* increases for decreasing value of K and this increase in W* is more pronounced for larger values of H*. The relative percentage increase in W*.R w n ¼ ðW n Couplestress ÀW n Newtonian =W n Newtonian Þ Â 100 for different values of K and H* is given in Table I . 
Time height relationship
The most important characteristics of the squeeze film bearings is the time required for reducing the initial film thickness h 0 to h 2 to a final value h f . The variations of the non-dimensional time of approach t* as a function of h n f for different values of l* for both Newtonian (l* ¼ 0.0) studied by Murti (1974) and present study of couple stress lubricants (l* ¼ 0.3, 0.5, 0.7 and 0.9) along with K ¼ 0.5, 0.6, 0.7, 0.8 and 0.9 are plotted in Table II . 
Conclusion
The squeeze film lubrication between porous transversely circular stepped plates with couple stress fluid is studied on the basis of Stokes microcontinuum theory for couple stress fluids. On the basis of the theoretical results presented, the following conclusions are drawn:
• The effect of couple stresses enhances the load carrying capacity significantly. This increase in load is three-fourth (nearly 75 percent) higher in comparison with the corresponding Newtonian case.
• The relative increase in load carrying capacity R w n is found to be a function of K and l*.
• The relative squeeze film time R t n is found to be a function of l* and K and R t n increases for increasing values of l* and decreases for increasing values of K.
Therefore, the theoretical results presented here suggest that the squeeze film characteristics between porous transversely circular stepped plates can be improved by the use of lubricants with microstructure additives. 
